The properties of third harmonic beam splitters for high power laser system were studied in this paper. The third harmonic beam splitter, which has high transmittance at 1053nm and 527nm, and high reflectance at 351nm, was designed using regular quarter-wavelength stacks. Considering the optical properties, electric field distributions and experimental results, we concluded the film stack of Glass/(HL) 12 3H2M2L/Air) was a better option for obtaining a third harmonic beam splitter with high laser induced damage threshold (LIDT). In this study, electron beam evaporation was employed to fabricate these beam splitters on fused silica substrates. The experimental results showed that the samples had good optical performance. The LIDT at 355nm is about 10J/cm 2 (355nm, 7ns). To understand the influence of post-treatment on the LIDT of the beam splitter, the as-deposited coatings were treated in vacuum chamber with oxygen plasma and annealed in clean ambient air, respectively. The result exhibited the LIDT at 355nm was increased with oxygen plasma treatment, while decreased after annealing in clean ambient air.
Introduction
In most high power laser systems (ICF, LMJ etc.), the third harmonic (3ω) beam is generated by KDP and DKDP crystals. The third harmonic beam is finally introduced into the target chamber, while keep the fundamental frequency beam and second harmonic beam away from the target. 1) There are three kinds of separator to separate the harmonic beams: grating, focusing lens, and harmonic beam splitter. The harmonic beam splitter is one of the optimal methods to separate the third harmonic beam if the performance is good enough to satisfy the demand of the system. The performance includes optical property and laser induced damage (LID) resistance.
LID resistance of the optical coatings has puzzled coating engineers for many years, especially for harmonic beam splitter. Laser induced damage thresholds (LIDT) drop with laser wavelength decreasing, as a result the final optics, operating at the Nd:glass harmonic wavelengths of 527 and 351 nm, are the most susceptible to damage.
2) Several solutions were put forward to improve LIDT, such as 1) using high purity coating materials, 2) taking special substrate cleaning technology, including supersonic clean and/or ion cleaning in high vacuum, 3) optimizing deposition parameter, 4) optimizing the film stack structure, 5) improving temperature field distribution, and 6) post-treating as-deposited coatings. 3) In this article, electric field distribution optimization and post-treatment were introduced to improve the laser induced damage resistance, including annealing in clean ambient air and post-treating with oxygen plasma in vacuum chamber.
Coating Design
The third harmonic beam splitter, which has high transmittance at 1053nm and 527nm, and high reflectance at 351nm, was designed by using regular quarter-wavelength stacks. Formula(1), (2) and (3) The spectra of the designed film stacks are shown in Fig1. Table 1 gives the separating ratios of harmonic beams.
The electric field distributions of the designed films are shown in Fig.2 
The rule of the design includes several factors: 1) the transmittance at 527nm and 1053nm is high, meanwhile reflectance at 351nm is as high as possible, to get high separating ratio; 2) the transmission band near 527nm and 1053nm should have low ripple and have a considerable wide range; 3) the intensity and amplitude of electric field in the multilayer is low.
As shown in Fig.1 and Table1, although the separating ratio of stack A is higher than that of stack B and stack C, the spectrum curve of stack A at 527nm fluctuates greatly. The high ripple depends on high-accuracy control of layer thickness, stable deposition process and high uniformity, which add the fabrication difficulty especially for large aperture optics. Compared stack B with stack C, stack C has higher separating ratio, whereas stack B has wider band at 527nm. Fig.2 presents that the electric field intensity at outside layer is the highest among the three stacks, which could promote the damage located in surface. Meanwhile, the electric field distribution of stack B is the most irregularly of the three stacks.
According to the spectra and electric field distribution of the designed film stacks, it can be concluded that the film stack C is a better structure.
Experimental details
The third harmonic beam splitters with different film stacks were prepared respectively by conventional e-beam deposition technique on fused silica substrates. The deposited coatings from film stack A were named A1, A2, A3…, from film stack B were named B1, B2, B3…, and from stack C were named C1, C2, C3….
The spectral characteristics of the deposited films were measured by Lambda900 (Perkin Elmer).
Laser induced damage thresholds of the deposited films were measured in the apparatus shown in Fig.3 . The Nd:YAG laser system was used as the illumination source and the He-Ne laser was used as an indicating light to help testing. In our test we used 1-on-1 mode. The LIDT was defined as the incident pulse's energy when the damage occurs at 0% damage possibility (J/cm 2 ) and it could be obtained by linear extrapolation of the damage probability data to zero damage To understand the influence of post-treatment on LIDT, the as-deposited coatings were annealed in clean ambient air and treated in vacuum chamber with oxygen plasma, respectively. In this study, parts of the deposited samples were annealed in ambient air under the temperature of 300℃ for 4 hours; parts of the samples were treated with low-energy oxygen plasma in vacuum after deposition. A Model EH1000 ion source was used for ion post-treatment. The anode voltage and current were 200V and 2A, respectively. The distance from the ion source to the substrates was approximately 45cm. The angle between the ion beam and the normal direction of the substrates was approximately 30. High-purity oxygen (99.999%) was used as a working gas, and its flow rate was 21 SCCM. The pressure was 4.2×10 -2 Pa in the ion post-treatment process. The treatment procedure lasted 15 min. Fig.4 illustrates that the spectrum of the deposited sample with stack C has the best performance. The separating ratios of 2ω/3ω and 1ω/3ω are 683 and 692 respectively, which is higher than the designed data because the experimental index of HfO 2 is higher than the designed data.
Experimental Results and Discussion

Spectra Properties
LIDT of the coatings
The laser induced damage thresholds at 355nm are presented in Fig5. It is evident that the LIDT of the sample deposited with stack C is higher than that of stack A and stack B. The result is consistent with the electric field distribution mentioned above.
Post-treatment by annealing
Annealing is an important method to alter the properties of thin films. Previous work shows that the structural, mechanical, and optical properties and absorption of the thin films can be altered after annealing. Absorption, structural and mechanical properties are the key factors to influence the laser induced damage resistance of the dielectric laser coatings. [4] [5] [6] [7] So it is necessary to study the annealing effects on LIDT of laser coatings.
According to the results of Yuanan Zhao, 4) when the temperature is lower than 250℃,the LIDT increases slowly; the LIDT increases dramatically in the range of 200-300℃; in the range from 350 to 400℃, the LIDT does not increase greatly. In this study, the annealing temperature is selected at 300℃. The annealing effects of C2 ，C3 and C4 are illustrated in Fig.6 . It shows that the laser induced damage thresholds of the samples decrease after annealing.
The coating maybe include non-stoichiometry defect originated from incomplete oxidation of deposition material atoms or clusters during deposition. Non-stoichiometry of oxidation was one of the main causes of the absorption, which can be eliminated by annealing. On the other hand, annealing can alter the micro-structure of the coating which leads to the micro-defect density increasing after annealing. The contribution of micro-defect to LIDT for IR laser coating is not obvious, but for UV laser coating it can not be neglected. Therefore, annealing in ambient air is not a good method to improve the LIDT for third harmonic beam splitter, just as A.F.Stewart presented that although annealing can improve the performance of the coating, it is only suitable for some coatings and certain process. 8) 4.4 Post-treatment by oxygen plasma It is well known that ion post-treatment is an effective technique for modifying film properties, and many properties have been improved by this technique. D.P.Zhang 9) investigated the effect on ZrO 2 film post-treated with oxygen plasma at the environment temperature. The LIDT of the film increases from 15.9 to 23.1 J/cm 2 after treatment with oxygen plasma.
In this study, Sample C5, C6 and C7 were treated by oxygen plasma. The results are illustrated in Fig7. As-deposited Annealed Fig.6 Influence of annealing in air on LIDT As mentioned above, the coating may include non-stoichiometry defect originated from incomplete oxidation of deposition material atoms or clusters during deposition. The oxygen plasma has plenty of O 2 + which can diffuse into the film to eliminate the non-stoichiometry defect. On the other hand the oxygen plasma can reduce the micro-defect density and roughness of the coatings, which is also contribution to LIDT increment.
Conclusions
Third harmonic beam splitters have been investigated in this paper. Based on the analysis of the optical properties, electric field distribution and experimental results, the film stack C was proved as a better option for obtaining a third harmonic beam splitter with high LIDT.
The experimental results showed that the beam splitter has good optical performance. The separating ratios of 2ω/3ω and 1ω/3ω are 683 and 692 respectively. The laser induced damage threshold (LIDT) at 355nm is about 10J/cm 2 (355nm, 7ns). Annealing in ambient air is not a good method to improve LIDT of third harmonic beam splitter. Post-treatment with oxygen plasma can increase LIDT at 355nm, which is an effective and simple technique to improve LIDT of third harmonic beam splitter. As-deposited Post-treatment with oxygen plasma Fig.7 Influence of post-treatment with oxygen plasma on LIDT
